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Reversal of intramyocellular lipid accumulation by lipophagy
and a p62-mediated pathway
T Lam1, R Harmancey2, H Vasquez1, B Gilbert1, N Patel1, V Hariharan3, A Lee4, M Covey1 and H Taegtmeyer1

We have previously observed the reversal of lipid droplet deposition in skeletal muscle of morbidly obese patients following
bariatric surgery. We now investigated whether activation of autophagy is the mechanism underlying this observation. For this
purpose, we incubated rat L6 myocytes over a period of 6 days with long-chain fatty acids (an equimolar, 1.0 mM, mixture of oleate
and palmitate in the incubation medium). At day 6, the autophagic inhibitor (bafilomycin A1, 200 nM) and the autophagic activator
(rapamycin, 1 μM) were added separately or in combination for 48 h. Intracellular triglyceride (TG) accumulation was visualized and
quantified colorimetrically. Protein markers of autophagic flux (LC3 and p62) and cell death (caspase-3 cleavage) were measured by
immunoblotting. Inhibition of autophagy by bafilomycin increased TG accumulation and also increased lipid-mediated cell death.
Conversely, activation of autophagy by rapamycin reduced both intracellular lipid accumulation and cell death. Unexpectedly,
treatment with both drugs added simultaneously resulted in decreased lipid accumulation. In this treatment group,
immunoblotting revealed p62 degradation (autophagic flux), immunofluorescence revealed the colocalization of p62 with lipid
droplets, and co-immunoprecipitation confirmed the interaction of p62 with ADRP (adipose differentiation-related protein), a lipid droplet
membrane protein. Thus the association of p62 with lipid droplet turnover suggests a novel pathway for the breakdown of lipid droplets in
muscle cells. In addition, treatment with rapamycin and bafilomycin together also suggested the export of TG into the extracellular space.
We conclude that lipophagy promotes the clearance of lipids from myocytes and switches to an alternative, p62-mediated,
lysosomal-independent pathway in the context of chronic lipid overload (*Po0.05, **Po0.01, ***Po0.001, ****Po0.0001).

Cell Death Discovery (2016) 2, 16061; doi:10.1038/cddiscovery.2016.61; published online 22 August 2016

INTRODUCTION
The accumulation of fatty acid metabolites in non-adipose tissues
is a well-known phenomenon,1 first described as ‘fatty atrophy’, or
‘metamorphosis’, by Virchow.2 Today, we know that the intracel-
lular accumulation of neutral TG in these relatively innocuous lipid
droplets is accompanied by a more deleterious accumulation of
ceramides, diacylglycerols, and other intermediary metabolites of
long-chain fatty acid metabolism.1,3,4 The consequences even-
tually mediate cell death, as observed in pancreatic β-cells and
cardiomyocytes, a phenomenon termed lipoapoptosis.5

The starting point for the present investigation was our
observation that intramyocellular lipid deposition is a common
feature of non-ischemic heart failure6 and that intramyocellular
lipid droplets disappear from skeletal muscle after bariatric
surgery.7 A key player in metabolic remodeling of liver, heart,
and skeletal muscle is autophagy. More specifically, autophagy
also regulates lipid metabolism, as first described in hepatocytes,
where enhanced autophagy facilitates the breakdown of lipid
droplets, reduces lipid accumulation, and is cytoprotective.8

A major consequence of pharmacological or nonpharmacolo-
gical treatment of insulin resistance in obesity is the disappear-
ance of triglycerides (TGs) from the heart and lipid droplets from
skeletal muscle.7,9,10 The mechanisms underlying the disappear-
ance of lipid droplets in muscle are at present not fully
understood. The goal of this study was therefore to assess
whether the loss of lipid droplets is the result of enhanced
autophagic activity, as it has been described in the liver.8 In order

to test this hypothesis, we used a skeletal muscle cell line
(L6 myocytes) as a model system and modulated autophagic flux
in the presence of lipid overload (Figure 8). Pharmacological
activation of autophagy reversed lipid accumulation and
decreased apoptosis. The opposite occurred with pharmacological
inhibition of autophagy. Additionally, p62 associated with lipid
droplets and transported the lipid droplets outside the cell.
The results reveal a new pathway in the autophagic process of
lipid droplet degradation and clearance from the cell.

RESULTS
Pharmacological interventions promote the modulation of
autophagy in L6 myocytes
In order to assess whether pharmacological interventions
promote the modulation of autophagy in L6 myocytes, we
treated the cells with rapamycin or bafilomycin for 24 h and
measured two protein markers of autophagy (LC3-II and p62) via
immunofluorescence and immunoblotting (Figures 1a–g).
Autophagic flux was assessed by measuring the LC3-II:p62 ratio,
as previously reported by others.11,12 Immunofluorescence of
cells treated with rapamycin revealed an increase in LC3-positive
puncta confirming an increase in autophagy compared
with 1.0 mM Ctrl cells (Figures 1a and b). Further increase of
LC3 puncta in bafilomycin-treated cells indicated the impair-
ment of autophagy and failure to degrade the autophagosome
(Figure 1c). Immunoblotting confirmed activation of autophagy
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by rapamycin with increased LC3-II protein levels (Figure 1d) in
conjunction with decreased p62 levels (Figure 1e). Taken
together, an increased LC3-II:p62 ratio would suggest an
increase in autophagic flux (Figures 1f and g). Treatment with

bafilomycin yielded the highest LC3-II:p62 ratio, representing
the inhibition of autophagic flux. Therefore, LC3:p62 ratio higher
than that of Ctrl and lower than that of bafilomycin-treated cells
would be indicative of true autophagic flux.

Figure 1. Activation of autophagy in L6 myocytes as measured by LC3-II and p62 protein levels; autophagic flux is higher in 48 h treated versus
24 h treated cells. (a–c) Immunofluorescence of cells treated with 1.0 mM oleate/palmitate fatty acids and without drugs (Ctrl) (a), with
rapamycin (b), or with bafilomycin (c). All immunofluorescence images were taken at × 20 magnification. (d) LC3-II protein levels for these
treatments. (e) p62 protein levels for these treatments. (f and g) LC3-II:p62 ratios of protein levels at 24 h (f) and 48 h (g). Ratios for the
bafilomycin treatment in each graph represent inhibition of autophagy while ratios for control represent basal autophagy. Values in between
are representative of autophagic flux. Data are expressed in fold change of protein levels versus BSA control at 0.0 mM oleate/palmitate
(NS=not significant, *Po0.05, **Po0.01, ***Po0.001).
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The inhibitory effect of bafilomycin was more pronounced at 24 h
after treatment, while rapamycin induced a higher activation of
autophagic flux after 48 h (Figures 1f and g). It is noteworthy that the
presence of fatty acids was linked to the ability of rapamycin to
increase autophagy. In the 1.0 mM, 24 h treatment group, rapamycin
had no significant effect on autophagy when compared with the
control group (without drugs) (Figures 1d–f). However, at 48 h, and in
the presence of fatty acids, rapamycin significantly increased
autophagic flux. Therefore, the optimal duration of treatment to
observe a significant effect with both rapamycin and bafilomycin was
48 h. Accordingly, in all subsequent experiments, L6 myocytes were
treated with drugs for 48 h as well.

Rapamycin and bafilomycin have opposing effects on TG
accumulation
Next we investigated whether rapamycin and bafilomycin
differentially affected TG accumulation in L6 myocytes.
As expected, TG increased with increasing concentration of fatty
acids in the culture medium (Figure 2a). Rapamycin decreased
intracellular TG accumulation at both concentrations of fatty acids
(0.5 and 1.0 mM) used. Conversely, bafilomycin dramatically
increased intracellular TG levels when compared with the other
treatment groups (Figure 2a). The efficiency of rapamycin in
TG accumulation appeared to be dependent on the concentration
of fatty acids used. Although rapamycin reduced TG accumulation
by 59% in cells treated with 0.5 mM fatty acids, it only decreased
TG accumulation by 26% in the 1.0 mM group. Oil Red O staining
mirrored the TG assay data (Figures 2b–g), revealing a significant
decrease in TG with rapamycin treatment (Figure 2f) and a
dramatic increase in TG in the 1.0 mM and bafilomycin treatment
(Figure 2g). Taken together, the results suggest that the activation
of autophagy is involved in removal of TG from myocytes; the
inhibition of this process impairs lipid removal and leads to a
dramatic increase in TG. Moreover, there is an apparent decrease
in cell number and change in morphology of cells treated with
bafilomycin (Figures 2d and g). These findings suggest decreased
cell viability, prompting us to investigate whether impaired
autophagy promoted lipoapoptosis.

Lipid-induced cell death (lipoapoptosis) is determined by
intracellular TG content and levels of autophagic flux
In order to determine whether apoptosis is modulated by
intracellular TG content and levels of autophagic flux, we
measured protein levels of cleaved caspase-3 by immunofluores-
cence and immunoblotting (Figure 3). When cells were treated
with rapamycin, cleaved caspase-3 levels were lower than that of
control cells (Figures 3a and b). Conversely, cells treated with
bafilomycin showed high levels of cleaved caspase-3, suggesting
that apoptosis has been activated in these cells (Figure 3c).
Decreased nuclear staining for the cells treated with bafilomycin
indicated that a large number of cells were already dead at the
time immunostaining was performed. Immunoblotting for cleaved
caspase-3 protein levels confirmed the results (Figure 3d). This
suggests that the activation of autophagy in lipid-laden myocytes
is protective against programmed cell death, whereas inhibition of
autophagy aggravates it.

Treatment with a combination of rapamycin and bafilomycin
suggests an alternative pathway for the breakdown and removal
of fat from myocytes
Another method for determining flux is by assessing the turnover
of both LC3-II and p62 with simultaneous downstream inhibition
(bafilomycin) and upstream activation (rapamycin) of autophagy
(Figures 7 and 8a). The inhibition of autophagy at the
autophagosomal–lysosomal fusion step, while ramping up
the process at the induction step, allows one to assess whether

the accumulation of LC3-II owing to rapamycin is a result of
increased autophagy rather than impaired breakdown of the
autophagosome.13 Under conditions of flux and the rapamycin
and bafilomycin treatment, one would expect LC3-II and p62
protein levels to be similar to or increase beyond that of cells
treated with bafilomycin only. Although this was the case for the
0.0 mM group, this was not the case in the 1.0 mM group.
Although LC3-II levels were comparable for both treatments
(Figure 4a), p62 levels were different (Figure 4b). Treatment with
both drugs would be expected to increase p62 levels as well
(considering that p62 can no longer be degraded by the lysosomal
machinery). However, levels of p62 in this group were similar to
the 1.0 mM control group (Figure 4b). Decreased cleaved caspase-
3 levels suggested a decrease in apoptosis for the rapamycin- and
bafilomycin-treated cells compared with the bafilomycin-only-
treated cells (Figure 4c). This result was not totally unexpected,
because in the same treatment group TG levels were also
decreased, as evidenced by the TG assay measurements and
Oil Red O staining (Figures 2h–l). The results suggest that
activation of autophagy via rapamycin is only protective against
cell death, which occurs in the presence of fat. Immunofluores-
cence probing for both p62 and neutral lipids (BODIPY) showed
colocalization of these two molecules in the presence of 1.0 mM
oleate/palmitate fatty acids and the combination treatment of
rapamycin and bafilomycin (Figures 5a–d). Moreover, this
occurred in spite of sequestration of p62 into the autophagosome
(Figure 8). The unexpected decrease in intramyocellular lipid
accumulation, the decrease in p62 levels, and the colocalization of
p62 to lipid droplets in rapamycin- and bafilomycin-treated cells
all suggest a novel pathway for the breakdown of lipids.

p62 interacts with lipid droplets at a specific membrane protein
To confirm that p62 indeed colocalized to lipid droplets, we
performed co-immunoprecipitation experiments probing for
p62-ADRP aggregates (Figure 5e). ADRP, also known as perilipin
2 (PLIN2), is the predominant lipid droplet membrane protein in
skeletal muscle. Cells treated with rapamycin revealed a high
amount of interaction between p62 and ADRP in the presence of
fat, suggesting that activation of autophagy may also stimulate
p62 colocalization with lipid droplets. Interestingly, there was
significant co-immunoprecipitation as well in the rapamycin and
bafilomycin group, albeit the interaction was only half of that in
the rapamycin only group. The bafilomycin group also indicated
some p62-ADRP co-immunoprecipitation. This group, however,
yielded the lowest interaction compared with the other two
groups. The results from the co-immunoprecipitation experiments
suggest that p62 specifically interacts with lipid droplets at the
membrane in the presence of fat and activation of autophagy.

The inhibition of cytosolic lipases does not affect the impact of
autophagy modulation on intracellular TG removal
To investigate whether the neutral lipids were broken down by
cytosolic lipases, we added ATGListatin, a pharmacological
inhibitor of adipose triglyceride lipase (ATGL) (Figures 6b and d).
If the pathway induced by the combination treatment of
rapamycin and bafilomycin proceeded through lipolysis, inhibition
of lipolysis would affect lipid accumulation for these cells.
As expected, intracellular TG levels were increased with ATGLis-
tatin treatment compared with levels for cells treated with
autophagy drugs, but without ATGListatin (Figures 6a and b).
The relative effects on TG accumulation between the various
treatment groups were maintained, as evidenced by lower
TG levels with rapamycin, higher TG levels with bafilomycin, and
an intermediate amount of TG for the combination treatment
(Figure 6b). The diminished role of lipolysis in lipid clearance in the
cells subjected to the combination treatment and the inability of
ATGListatin to alter the effects of pharmacological activation and
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Figure 2. TG levels increase with bafilomycin and decrease with rapamycin treatment; combination treatment decreases TG levels as well.
(a–g) Measurement of intracellular TG for cells treated with drugs for 24 h and (h–l) for 48 h. L6 myocytes were treated with changing levels of
fat and measured by colorimetric assay (a and h) and assessed by Oil Red O staining (b–g) and (i–l). (b–d) All cells treated with BSA (0.0 mM)
with no drugs (b), with rapamycin (c), or with bafilomycin (d). (e–g) and (i–l) All cells treated with 1.0 mM oleate/palmitate fatty acids with no
drugs (e and i), with rapamycin (f and j), with bafilomycin (g and k), or with both rapamycin and bafilomycin (l). All images were taken at × 20
magnification (*Po0.05, **Po0.01, ****Po0.0001).
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inhibition of autophagy on intracellular TG levels both suggest a
new pathway for the clearance of lipids that is independent of
cytosolic lipase activity.

Treating L6 myocytes with both rapamycin and bafilomycin
promotes the export of fat
It is already known that heart muscle secretes TGs14 in order to
secrete lipoproteins in a reverse TG transport manner, possibly
to remove toxic lipids from the heart.15 As seen in the Oil Red
O staining and TG assay earlier (Figures 2h and l), the combination
of rapamycin and bafilomycin treatments decreases intracellular
TG accumulation when compared with bafilomycin treatment
alone (Figures 2h and k). However, as the TGs in this treatment
group were not being broken down by cytosolic lipases, we
wondered whether the TGs were somehow being secreted
outside the cell. Using the same TG assay as before to measure
intracellular TG, we measured the culture medium for extracellular

TG (Figure 6c). Interestingly, the TG content in the culture medium
of the rapamycin- and bafilomycin-treated cells was indeed
considerably higher than in the medium of control or
bafilomycin-treated cells (Figure 6c). Because the cells with the
combination drug treatment were incubated with fatty acids and
no TG, the results show that fatty acids were converted into TG
and exported into the extracellular space. However, bafilomycin
treatment did not result in lower levels of TG in the culture
medium. This was an unexpected result given the difference in
intracellular lipid accumulation between rapamycin- and
bafilomycin-treated cells because one would expect for the
bafilomycin-treated cells to have lower TG levels in the medium.
Therefore, to determine whether this may be mediated by
increased lipolysis, TG levels were also measured in the same
cells with an additional treatment of ATGListatin (Figure 6d). In
these cells, the combination treatment still yielded higher levels of
medium TG despite the presence of an ATGL inhibitor. This
suggests that the TG in this treatment group are not being

Figure 3. Rapamycin decreases whereas bafilomycin promotes cell death in the presence of fat. (a–c) Immunofluorescence of same cells
treated with (a) no drugs, (b) rapamycin, and (c) bafilomycin. (d) Cleaved caspase-3 protein levels for cells treated with (1.0 mM) or without
(0.0 mM) oleate/palmitate fatty acids with no drug, rapamycin, or bafilomycin. DAPI stains for nuclei while FITC stains for cleaved caspase-3
proteins. All immunofluorescence images were taken at × 20 magnification. Immunoblotting data are expressed in fold change of protein
levels versus BSA control at 0.0 mM oleate/palmitate (*Po0.05).
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processed by cytosolic lipases, but are instead exported into the
extracellular space. The results imply that the pathway through
which TG are exported from the cell is unique to the
pharmacological combination treatment of rapamycin and
bafilomycin and independent from lipolysis. We therefore propose
that the simultaneous activation and inhibition of autophagy in
the presence of high fat results in TG export from myocytes.

DISCUSSION
Role of lipophagy in muscle
We have shown that autophagy is essential for degradation of
lipid droplets in skeletal muscle myotubes. Inhibiting this process
pharmacologically leads to dramatic TG accumulation, whereas
activating this process pharmacologically with rapamycin leads to
the increased removal of TGs from the cell. Although alternative
pathways for the breakdown of lipid droplets exist, autophagy
appears to be required to remove intramyocellular TGs from the
myocytes. Furthermore, the process is protective against cell
death associated with lipid overload (lipoapoptosis) because

promoting autophagy reduced lipid-induced cell death, whereas
inhibiting autophagy increased cell death in the presence of
high fat.
Singh et al.8 first described the role of autophagy in lipid

metabolism in cultured hepatocytes and in the mouse liver.
Inhibition of autophagy both pharmacologically and genetically in
these systems led to accumulation of TGs and subsequently lipid
droplets. Furthermore, inhibited autophagy led to decreased
β-oxidation, suggesting the involvement of autophagy in lipolysis
and TG hydrolysis. Autophagy itself can be inhibited by lipids as
well. For example, mice fed a high-fat diet for 16 weeks show
decreased association of LC3 with lipid droplets (decreased
autolipophagosomes) and therefore exhibit dampening of the
autophagy pathway in the presence of an exogenous lipid load.8

We have also confirmed in myocytes the findings in hepato-
cytes reported by Singh et al.8 Impairment of autophagy leads to
accumulation of intramyocellular TGs, whereas promoting autophagy
facilitates removal of TGs from the cell. The excess accumulation of
lipids owing to impaired autophagy leads to lipid-induced cell death.
When autophagy is activated, lipid-induced cell death decreases.

Figure 4. Combination of rapamycin and bafilomycin treatment suggest a new mechanism for clearing intramyocellular lipids. L6 myocytes
were treated with rapamycin, bafilomycin, and a combination of both rapamycin and bafilomycin. (a) LC3-II, (b) p62, and (c) cleaved caspase-3
protein levels. Data are expressed in fold change of protein levels versus BSA control at 0.0 mM oleate/palmitate (*Po0.05; **Po0.01;
***Po0.001; NS, not significant).
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Another finding that matches those of Singh et al.8 is that autophagy
was slightly suppressed in myocytes treated with fat for 24 h
(Figure 1f). The phenomenon described in the liver may be one that
occurs in other tissues as well and would be important to consider

when using autophagy as a therapeutic target for treating conditions
of dysregulated lipid metabolism.
Our studies have yielded some unexpected results. When lipid-

overloaded cells were treated with a combination of both an

Figure 5. p62 associates with lipid droplets with the combination treatment of both rapamycin and bafilomycin. Immunofluorescence of cells
stained with (b) BODIPY 493/503 (neutral lipid stain) and (c) TRITC (p62). (a) DAPI was used for nuclear staining. Cells were treated with both
rapamycin and bafilomycin. White arrowheads in panel (d) indicate areas of colocalization between p62 and lipid droplets. All images were
taken at × 40 magnification. (e) Immunoblotting for co-immunoprecipitation between p62 and ADRP in the presence of rapamycin,
bafilomycin, or both. IgG groups represent negative controls; immunoblotting for Arf-1, known co-immunoprecipitate of ADRP, represent the
positive controls. All cells were treated with 1.0 mM oleate/palmitate (**Po0.01).
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activator and an inhibitor of autophagy, rapamycin and bafilomycin,
respectively, there was a surprising and dramatic decrease in lipids.
We therefore began to investigate autophagic molecules that could
drive this process upstream of the autophagolysosome formation
and identified p62 (Figure 7). The present colocalization experiments
provide evidence for a previously unobserved p62–lipid droplet
interaction. This process may be an adaptive mechanism for the cells,
allowing them to continue undergoing lipid clearance despite
lysosomal dysfunction. The presence of ongoing p62-mediated lipid
removal under conditions of a lysosomal defect may prove to be an
essential signaling pathway for the discovery of new drugs
associated with lysosomal storage disorders.

Lipid metabolism and lipotoxicity
Biochemically, lipid metabolism in skeletal muscle is a highly
regulated process. It has already been shown that proteins on the
sarcolemma (e.g., FATP, FAT/CD36) are responsible for the uptake
of fatty acids into the skeletal muscle cell.16 Once inside, long-chain
fatty acids are bound to fatty acid-binding protein and are converted
to acyl-CoA by acyl-CoA synthetase (ACS). ACS can also mediate the
synthesis of acyl-CoAs from intramuscular lipolysis by ATGL,
hormone-sensitive lipase, and monoacylglycerol lipase; the acyl-
CoAs are then transported into the mitochondria via the carnitine
palmitoyltransferase shuttle for β-oxidation and the production of
ATP.17 However, when uptake of FFAs exceeds anabolic processes of
the cell, lipids are esterified and stored as TGs in lipid droplets.18

Skeletal muscle has a limited storage capacity for lipids; when this
limit is exceeded, lipids enter alternative non-oxidative pathways that

result in the production of toxic reactive lipid species and ultimately
lipid-induced dysfunction (lipotoxicity) or even cell death
(lipoapoptosis).3

Lipotoxicity and lipoapoptosis in nonadipose tissues leads to
derangement of cellular structure and function.6 For example,
lipotoxicity impairs myocardial contractility in obesity.19 This func-
tional loss is specifically associated with the loss of cardiomyocytes
by apoptosis.3 In skeletal muscle, this excess intramyocellular lipid
accumulation is associated with insulin resistance and oxidative
stress.18 In a lipotoxic state, the inability to oxidize fatty acids in the
skeletal muscle may be a consequence of reduced or impaired
mitochondrial function.16 When the muscle is overloaded with fat,
the autophagy pathway is suppressed.8 Turning this pathway back
‘on’ in our in vitro model leads to the decreased accumulation and
breakdown of intramuscular fat. This is ultimately beneficial for the
cell and leads to increased survival of cells despite the presence of
high fat. The converse is true as well. Here we have shown that
further inhibition of autophagy leads to further accumulation of lipids
and evidence of lipotoxicity.

A new pathway for lipid clearance
Our work also suggests that a pathway exists that exports lipids
outside the myocyte. Two pathways that are responsible for
trafficking substrates outside the cell are the caveolar pathway
and exocytosis. Caveolae have been shown to interact with
cholesterol, bind to fatty acids, and associate with lipid droplets.20

Various studies have shown that a caveolin truncation mutant
decreased surface levels of free cholesterol and has increased

Figure 6. Extracellular TG reveals potential mechanism for export of TG; ATGListatin does not alter effects of autophagy drugs. Amount of TGs
(a and b) in the cells and (c and d) in the extracellular space after treatment with the various drugs. Intracellular and extracellular TG were
measured from cells treated with ATGListatin in addition to autophagy drugs (b and d). Data are expressed in fold change of protein levels
versus corresponding 1.0 mM oleate/palmitate Ctrl value intracellular (a) or extracellular (c) (*Po0.05, **Po0.01).
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neutral lipid storage in lipid droplets. However, the mechanisms
by which this occurs is still unclear.
With regards to exocytosis, observations by others have shown

that the shuttling of lipids outside the cell via exocytosis is
utilized for cell-to-cell communication21 and triggered by cell
therapy.22 Autophagy and exocytosis are also closely associated
in different, but sometimes complementary lysosomal processes.
In the brain, autophagic failure prompts the cell to switch to
exocytosis for the clearance of alpha-synuclein aggregates. This
is ultimately detrimental because it deposits alpha-synuclein
onto neighboring cells and causes neuronal apoptosis.23

In Pompe’s disease, however, exocytosis works with autophagy

to promote transcription factor EB (TFEB)-mediated cellular
clearance.24 TFEB is known to regulate the lysosomal machinery
in a cell. Feeney et al.24 have shown that overexpression of TFEB
in muscle cells of Pompe’s disease causes exocytosis of
autolysosomes. The exocytosis of lipids as well as the previously
established relationship between autophagy and exocytosis
together suggests the possibility of a lipophagy-mediated
exocytosis, as our experiments seem to point to. The lipid
removal mechanism we have discovered is involved in the
clearance of potentially harmful aggregates, much like in the
alpha-synuclein studies from Lee et al.23 The process also utilizes
the autophagy machinery for clearance of cellular substrates,

Figure 7. A proposed pathway for lipid removal from the myocyte. Muscle cells have been shown to breakdown lipid droplets through the
classical pathway of lipolysis (A) or more recently by lipophagy (B). When cells are treated with high amounts of fat for a long period of time or
lipophagy is impaired by a lysosomal defect, a new lysosomal-independent pathway for lipid removal is activated. P62 binds to lipid droplets
(C1) and eventually leads to the export of TGs into the extracellular space (C3). The mechanism by which the TGs are being transported
outside the cell is unknown and is currently under investigation (C2).
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much like in the muscle cell studies from Feeney et al.24 This
ultimately brings to light a p62-mediated exocytosis pathway for
clearance of lipids that involves a lysosomal-independent,
autophagy process. The new question, however, is: What effects
does this lipid exportation process have on neighboring cells?
Getting rid of TGs from the cell may be protective for the cell
itself, but perhaps the TG will be deposited in other cells, where
they can be harmful, as implicated by the studies of alpha-
synuclein deposition in neighboring neurons.23 Perhaps, this
exocytosis mechanism can generate exosomes that commu-
nicate with other cells the presence of high TGs in neighboring
cells, much like in the studies from Record et al.21 Although the
process is still largely unknown, the potential for reversing
lipotoxic diseases by upregulating p62-mediated TG export
provides a new discovery platform for the development of
drugs used to treat lipotoxicity in the muscle.

CONCLUSION
Our experiments propose a new pathway that may, in part,
explain how lipids are removed from the muscle cell after bariatric

surgery. Classical autophagy is initially effective at removing
potentially toxic lipids from the myocyte. However, when
lysosomes become defective in conjunction with chronic lipid
overload, the autophagy pathway is impaired and the cell must
rely on an alternative pathway to clear lipids. The discovery of this
lipid-clearing pathway in the myocyte changes our understanding
of the reversal of intramyocellular lipid accumulation after weight
loss surgery. Among the mechanisms for removing fat from the
cell, the caveolae pathway and lipid exocytosis should be
considered when exploring treatment for obesity and lipotoxicity.
Future studies are needed to understand the metabolic effects of
these pathways both on the cells themselves and on their
environment to determine whether modulation of this pathway is
safe and effective.

MATERIALS AND METHODS
Reagents and antibodies
Rapamycin and Bafilomycin A1 were purchased from LC Laboratories
(Woburn, MA, USA). Rapamycin activates autophagy upstream of the
lysosomal fusion step by inhibiting mTORC1 (mechanistic Target of

Figure 8. Modulation of autophagy and experimental design. (a) Autophagy is triggered by various stresses, including, but not limited to,
nutrient deprivation, oxidative stress, and metabolic stress. To assess autophagic flux, we measured levels of two proteins: LC3, microtubule-
associated protein light chain 3, and p62/SQSTM1 (Sequestosome1 complex), an adapter protein which acts as a substrate for the autophagy
pathway. Two drugs, rapamycin and bafilomycin A1, were utilized to activate and inhibit the autophagy pathway, respectively. The autophagy
pathway proceeds through six major steps: (1) Initiation, (2) Induction, (3) Elongation, (4) Autophagosome formation, (5) Autolysosome
formation, and (6) Vesicle breakdown and degradation. (b) Summary of experimental design. Cells were treated with various fatty acid
concentrations (0.0 mM oleate/palmitate=Control; 0.5 mM oleate/palmitate= Physiologic; 1.0 mM oleate/palmitate=Diabetic) and either
rapamycin (1 uM), bafilomycinA1 (200 nM) drugs, or a combination of both.
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Rapamycin Complex 1), which is an inhibitor of autophagy at ULK1.25

Bafilomycin A1 inhibits autophagy further downstream by preventing the
fusion of the lysosome to the autophagosome at the vacuolar H+ ATPase
receptor on the lysosome26 (Figures 7 and 8). ATGListatin was purchased
from Cayman Chemical (Ann Arbor, MI, USA). ATGListatin was used to
inhibit lipase activity in the ATGL enzyme. The colorimetric assay used for
determination of TG in the samples was purchased from Wako Diagnostics
(Waco, VA, USA); the kit used here is the Wako L-Type TG H Assay Kit
(Reagent 1 no. 461–09092, Reagent 2 no. 461–08992, and Lipids Calibrator
464–01601) (Wako Diagnostics). As antibodies for the assessment of
autophagy, we used p62/Anti-SQSTM1 (1 : 5000) from AbNova (UTEMB020,
Walnut, CA, USA) and LC3 (1 : 1000) from Novus Biologicals (NB100–2220,
Littleton, CO, USA). Alpha-actinin (1 : 500) (3134) and caspase-3 (1 : 1000)
(9662) were purchased from Cell Signaling Technology (Danvers, MA, USA).
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (1 : 30 000) was
purchased from Fitzgerald (10R-g109a, Acton, MA, USA). ADRP (H-80)
antibody (sc-12888) used for co-immunoprecipitation (2 μg: 300 μg of
protein to 200 μl of cell lysate) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Arf-1 (1 : 1000) antibody was purchased
from Novus Biologicals. Normal rabbit IgG was purchased from Cell
Signaling Technology and matched the concentration of the test antibody
for the co-immunoprecipitation experiments. Anti-rabbit (sc-2004) and
anti-mouse (sc-2005) secondary antibodies (both diluted to 1 : 2000) were
also purchased from Santa Cruz Biotechnology. All antibodies were
prepared in a solution of 5% (w:v) nonfat dry milk in 1 × TBS with 0.4%
Tween 20. The PBS (phosphate-buffered saline) used throughout the
experiments do not contain CaCl or MgCl.

Cell culture and experimental design
L6 rat myogenic cells were cultured in growth medium composed of
DMEM containing L-glutamine (584 mg/l), sodium pyruvate (110 mg/l), and
D-glucose (1.0 g/l) and supplemented with 10% fetal bovine serum,
penicillin (100 units/ml), and streptomycin (100 μg/ml). Once they reached
confluence, the cells were switched to a differentiation medium composed
of DMEM supplemented with 2% horse serum, penicillin (100 units/ml),
and streptomycin (100 μg/ml). Sodium oleate and sodium palmitate were
conjugated to BSA, Cohn Fraction V, and charcoal-treated (Probumin,
Darmstadt, Germany) as previously described.27 Briefly, sodium palmitate is
dissolved in NaOH (0.05 M) solution prepared in PBS while sodium oleate is
dissolved in PBS alone to produce 50 mM stock solutions of fatty
acids. Both stock solutions were dissolved at 60 °C for about
10–15 min with periodic vortexing. A separate BSA solution (18.3% w–v)
was prepared by dissolving BSA in cell culture medium. Each 50 mM fatty
acid solution was added dropwise to the BSA at an equimolar 2 : 1 ratio to
obtain a 5 mM oleate/palmitate stock solution. The stock was sterile
filtered using a 0.22 μm Steriflip vacuum filtration system (EMD Millipore
Corporation, Darmstadt, Germany). Prior to treatment, the stock was
diluted in warm, differentiation medium to produce fatty acid mixtures at
0.5 or 1.0 mM concentrations. The cells were differentiated for 2 days
before treatment with a 0.5 or 1.0 mM equimolar mixture of oleate and
palmitate or BSA alone (control) for a period of 4–6 days (Figure 8). Medium
was changed every 2 days. During the last 24–48 h of incubation, cells were
treated with rapamycin (1 uM), bafilomycin (200 nM), or a combination of
both to assess the effects of autophagy activation and inhibition, respectively,
on skeletal muscle lipid metabolism. The concentrations for the drugs were
adapted from a similar study using a C2C12 skeletal muscle cell line.11 For
inhibition of ATGL, ATGListatin (10 μM) was administered 24 h before
autophagy drugs. All drugs were dissolved in DMSO. Cells fixed for microscopy
were rinsed with ice-cold PBS and then immersed in paraformaldehyde
(4%) (w:v) for 10–12 min; after incubating the cells in paraformaldehyde,
cells were then washed again with ice-cold PBS before staining the cells.

Imaging
Immunofluorescence. After 2 days of differentiation, cells were trypsinized
and re-seeded at 30% density on chambered slides treated with Permanox
(Thermoscientific, Waltham, MA, USA). Before fixation, medium was
removed and the slides were washed with cold PBS twice. Cells were
fixed at room temperature in 4% paraformaldehyde (w:v) prepared in cold
PBS for 12–15 min. Afterwards, slides were washed twice with cold PBS
again and were kept at 4 °C overnight in preparation for staining. Blocking
was achieved by incubating wells with goat serum (10%) (v:v) in PBS for
20 min. Primary antibodies (LC3, 1 : 1000; p62, 1 : 2000; cleaved caspase-3,
1 : 500) were diluted in goat serum (3%) (v:v) in PBS; BODIPY (493/503) was

prepared at 1 mg/ml (w:v) in PBS. Slides were then washed in cold PBS
once and then incubated with the appropriate antibodies overnight at 4 °C
and/or BODIPY at room temperature for 4 h. Next cells were incubated in
secondary antibody (Alexa Fluor Goat anti-rabbit or Alexa Fluor Goat anti-
mouse at 1 : 500) 1 h at 37 °C, before applying the mounting medium
(Prolong Gold Antifade Mounting media with DAPI, ProLong, Grand Island,
NY, USA) and coverslip. Samples were allowed to cure overnight in the
dark at 4 °C and then analyzed by either epifluorescence microscope
(Nikon Eclipse Ti-E, Nikon, Melville, NY, USA) or confocal microscope
(Nikon a1r, Nikon).

Oil Red O staining. Oil Red O Stock solution was prepared by mixing Oil
Red O powder (Sigma-Aldrich, St Louis, MO, USA) (500 mg : 100 ml, w–v) in
isopropanol. A working solution of 60% (v:v) ORO was prepared fresh by
diluting in distilled water. Cells were rinsed with ice-cold PBS once then
treated with paraformaldehyde (4%) (w:v) in PBS for 10 min at room
temperature. Thereafter, the paraformaldehyde was then removed, cells
were washed with cold PBS twice, and ORO solution (60%) was added to
each of the cells. Cells were incubated in the ORO working solution for
15 min, rinsed in ice-cold PBS twice, and dried before visualization under
light microscopy (Motic AE2000, Motic, Richmond, BC, Canada).

TG assay and DNA extraction
Enzymatic TG assay. Extraction and quantification of TGs from L6
myocytes was adapted from the method described by Bligh and Dyer.28

Cells were pelleted by centrifugation for 5 min at 10 000 r.p.m. The
supernatant was aspirated from samples, and cell pellets were sonicated in
Methanol/Chloroform (2 : 1, v–v). After sonication, samples were centri-
fuged for 3 min at 8000 r.p.m., and the supernatant for each sample was
kept. Chloroform and KH2PO4 were then serially added to induce
separation of the two phases (lower chloroform phase is total lipid
fraction). After a final centrifugation step (3 min at 8000 r.p.m.),
the supernatant is recovered, roto-evaporated in a centri-vap, and
re-suspended in LPL buffer. The LPL buffer was prepared according to
the recipe as described by Rodriguez-Sureda and Peinado-Onsurbe.29

Intracellular TG were then quantified with the L-Type TG H Assay Kit.

DNA extraction. The remaining upper phase from the TG extraction was
kept for isolation and quantification of ssDNA for normalization of each of
the samples. NaOH, 0.2 M, was added to the upper phase of each sample
and the mixture was vortexed and inverted for 5 min. The samples were
then heated at 60 °C for 10 min to ensure the complete lysis of the cell
membrane. Measurements were made with a nanodrop spectrophot-
ometer (BioTek Synergy, Winooski, VT, USA).

Protein extraction and western blotting
Protein homogenates were prepared in the presence of inhibitors of
phosphatases (Sigma-Aldrich) and proteases (Roche Applied Science,
Penzberg, Germany). Protein concentration of the samples was measured
using the Pierce BCA Protein Assay Kit (Thermo Scientific, 23227, Rockford,
IL, USA). Proteins were detected by immunoblotting using horseradish
peroxidase-conjugated secondary antibodies and chemiluminescence
(Santa Cruz Biotechnology). Protein samples were ran on SDS-PAGE
(12%) gels. Gels were blotted onto PVDF membranes by transfer at a
constant 35 volts overnight at 4 °C. The membranes were then blocked by
nonfat dry milk solution (5%) in 1 × TBS (Tris Buffered Saline) with Tween
20 (0.4%) and incubated in desired primary antibody overnight.
Membranes were then washed in 1 × TBS with Tween 20 (0.4%) three
times, 5 min each before incubating with the secondary antibody for 1 h at
room temperature. All densitometric analyses for western blottings were
performed using ImageJ 1.46r (NIH, Bethesda, MD, USA).

Autophagic flux determination
Autophagic flux was estimated from the turnover of LC3-II and p62 as
previously shown.11,30 Briefly, protein levels of LC3-II and p62 were
measured by immunoblotting. The bafilomycin treatment represents a
control for inhibition of autophagic flux, as indicated by the high LC3-II:p62
ratio, whereas the LC3-II:p62 ratio for the samples without drug treatment
represent basal autophagy. In cells treated with bafilomycin, autophagy is
impaired leading to the accumulation of autophagic vacuoles containing
LC3-II owing to failure of autophagosome–lysosomal fusion. This would
cause a high LC3-II:p62 value. Cells without any drug treatment have low
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levels or basal autophagy, where p62 levels are high, as they
are not being degraded by autophagy, and LC3-II levels are low, as
autophagy is not being activated. This would create a low LC3-II:p62 value.
These two treatment groups represent the upper and lower bounds,
respectively, for assessing autophagic flux. Therefore, any LC3-II:p62 value
between the values for control (no drug treatment) and the bafilomycin-
treated cells represent the activation and completion of autophagy
(autophagic flux).

Co-immunoprecipitation
Cells were grown in six-well plates and sonicated in non-denaturing lysis
buffer to prevent breakdown of protein–protein interactions. For 10 ml of
protein extraction buffer, 2.5 ml Tris HCl (0.2 M, pH 7.5), 0.1 ml NP-40, 670 μl
NaCl (1.5 M), and 6.73 ml of ddH2O were mixed. Cells were sonicated in 500 μl
of cold lysis buffer for 15 s each. Next the cells were centrifuged for 20 min at
12 000 r.p.m. at 4 °C. The supernatant (protein) was aspirated, collected, and
measured with the BCA assay, as mentioned earlier. Samples were incubated
with desired primary antibody overnight at 4 °C. A total of 40 μl of protein
A/G PLUS agarose beads (50% bead slurry) (Santa Cruz Biotechnology) was
added to each sample and was rocked gently for 80–90 min at 4 °C.
Immunoprecipitates were collected by centrifuging the samples at 2500 r.p.m.
for 5 min at 4 °C. Pellet was saved and washed with 500 μl wash buffer, each
time repeating the centrifugation step. Pellet was resuspended in 40 μl
loading buffer (2× ) and boiled at 100 °C for 8 min to denature the proteins
and separate it from the beads. Samples were vortexed and then centrifuged
for 30 s and the supernatant was collected (proteins of interest). Beads in the
pellet were discarded and the supernatant was used to prepare western
blotting samples that were run on an SDS-PAGE and probed with other
protein of interest.

Statistical analysis
Values are given as the mean±S.E.M. The number of independent
experiments and replicates is given in the figure legends. Statistical significance
between values was determined by Student’s t-test or ANOVA to test the
significance of variances, using Graphpad Prism 5 (La Jolla, CA, USA). A P-value
o0.05 was considered to be significant.
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